Many neurodegenerative diseases are characterized by the accumulation of abnormal protein aggregates in the brain. In Parkinson's disease (PD), α-synuclein (α-syn) forms such aggregates called Lewy bodies (LBs). Recently, it has been reported that aggregates of α-syn with a cross-β structure are capable of propagating within the brain in a prionlike manner. However, the presence of cross-β sheet-rich aggregates in LBs has not been experimentally demonstrated so far. Here, we examined LBs in thin sections of autopsy brains of patients with PD using microbeam X-ray diffraction (XRD) and found that some of them gave a diffraction pattern typical of a cross-β structure. This result confirms that LBs in the brain of PD patients contain amyloid fibrils with a cross-β structure and supports the validity of in vitro propagation experiments using artificially formed amyloid fibrils of α-syn. Notably, our finding supports the concept that PD is a type of amyloidosis, a disease featuring the accumulation of amyloid fibrils of α-syn.
Parkinson's disease | Lewy body | cross-β structure | X-ray diffraction S enile plaques (SPs) of Alzheimer's disease (AD) are mainly composed of amyloid-β (Aβ) (1) . Lewy bodies (LBs) of Parkinson's disease (PD) (2, 3) or dementia with LBs (2, 3) and glial cytoplasmic inclusions (GCIs) of multiple system atrophy (4) are mainly composed of α-syn. Recent work suggests that these aggregates can propagate from cell to cell, between interconnected brain regions, and even to recipient brains of different species (5) (6) (7) (8) (9) . Isolated Aβ and α-syn proteins can aggregate in vitro in several days (10) (11) (12) to form amyloid fibrils with a cross-β structure (13) . It has been shown that the fragments of these amyloid fibrils, so-called "seeds" or "preformed fibrils" of α-syn, when injected into the cells or the brains of mice, could propagate and be transmitted (8, 9) . These phenomena are reminiscent of prion protein propagation. Protein structural conversion causes prion propagation. However, the structure of protein aggregates in patient brains is unknown. Although the seeds of α-syn may have propagated in the brains of mice (8, 9) , there has been no direct evidence that the aggregates found in the brains of PD patients actually comprise a cross-β structure. Nonetheless, many studies and even clinical trials targeting the inhibition or elimination of α-syn aggregation have been performed based on such preconceptions. If amyloid seeds indeed propagate in the patient's brain, it is of great interest to structurally characterize the aggregates in the brain to see if they contain a cross-β structure.
There are excellent electron microscopic studies that have shown fibril-like structures in the aggregates (14) (15) (16) . However, they are only morphological observations and do not provide information on the secondary structure of the proteins. Similarly, although Congo-Red staining is a useful technique for the detection of classical and/or pathological amyloids, its specificity for the cross-β structure is not high (17, 18) .
One method to analyze the secondary or tertiary structure of proteins is Fourier-transform infrared (FTIR) spectroscopy (19, 20) . Some FTIR studies showed that SPs are rich in β-sheets (21) (22) (23) . We also reported that LBs have a β-sheet-rich structure (24).
However, although FTIR is instrumental in analyzing the secondary structure of proteins, it does not directly indicate fibrillar organization of the structure.
To identify the characteristic periodic structure of the cross-β structure, XRD or electron diffraction is suitable. A cross-β diffraction pattern from amyloid fibrils consists primarily of a sharp reflection with a 0.47-nm spacing and a relatively broad reflection with an ∼1.0-nm spacing (25) . However, there are very few XRD reports on in situ biological samples (26, 27) .
In the present study, we performed microbeam XRD, a technique more specific for analyzing fibrillar structures, on LBs in thin sections of PD patients' brains to examine the presence of cross-β fibrils. (Fig. 1E) . Then, an area including a plaque was scanned with an X-ray microbeam of 6 μm in diameter. A 2D map of total wide-angle X-ray scattering intensity showed a distinct peak with a size corresponding to the plaque (Fig. 1D) . Since X-ray scattering intensity generally depends on the amount of mass in the beam,
Results

Significance
Lewy bodies (LBs), which mainly consist of α-syn, are neuropathological hallmarks of patients with Parkinson's disease (PD). Recently, it has been reported that aggregates of α-syn with cross-β structures are capable of propagating within the brain in a prionlike manner. However, there is still no evidence that such propagation occurs in the patient's brain. Here, we examined LBs in thin sections of autopsy brains of patients with PD using microbeam X-ray diffraction (XRD) and confirmed that aggregates of α-syn with a cross-β structure exist in brains of PD patients. Our finding supports the concept that PD is a type of amyloidosis, a disease featuring the accumulation and propagation of amyloid fibrils of α-syn.
this peak is considered to correspond to the SP. A "difference" in X-ray scattering pattern obtained by subtracting the background pattern (Fig. 1B ) from a high intensity pattern (Fig. 1A) showed 2 peaks at around q = 6.1 and 13.5 nm −1 (q = 4π sin θ/λ, where θ is half the scattering angle and λ is the wavelength of the X-rays), corresponding to Bragg spacings of d = 1.03 and 0.47 nm, respectively ( Fig. 1 C and F) , which are typically found in the diffraction pattern from synthetic amyloid fibrils (25) . Particularly, the peak at q = 13.5 nm −1 is attributed to a β-sheet structure (25) . Other plaques in the same section showed similar features in the X-ray intensity plots (SI Appendix, Figs. S1-1-S1-3). In some plaques, a peak was observed around q = 15 nm −1 (SI Appendix, Figs. S1-2 and S1-3), which may originate from lipids (28, 29) .
LBs in Human Brains. Figs. 2-4 show the result for LBs from human brains. LBs were identified by staining with an antibody to α-syn (Fig. 2E ). Isolated LBs were selected by inspection with the optical microscope (Fig. 2E) . As was performed with SPs from mouse brains, a difference scattering pattern was obtained (Fig.  2C) , and the peaks typical of amyloid fibrils at q = 6.1 and 13.5 nm Such sharp peaks were observed 3 times out of 32 measurements. These were from the same patient (Pt. 1). In our previous study with synchrotron FTIR (24) , the periphery of a LB tended to have higher β-sheet content than the center, which was rich in lipids. Although such a staining pattern was sometimes observed by optical microscopy (SI Appendix, Figs. S2-1E and S4-1E), the total X-ray scattering intensity of the region did not always show such a hollow distribution. Although the presence of lipids could be confirmed by the presence of a diffraction peak as in the mouse SP above, a clear lipid peak was not observed in the diffraction from human LBs.
In some other brain slices from the same or another patient ( Fig. 3 and SI Appendix, Figs. S3-1 and S3-2), LBs were detected by antibody staining (Fig. 3E ) and a marked peak in the 2D map of total scattering intensity was observed (Fig. 3F ), but the peak at q = 13.5 nm −1 (d = 0.47 nm) was not as sharp as that in Fig.  2E . Slices from another patient (Fig. 4 and SI Appendix, Figs. S4-1 and S4-2) had a peak in the 2D scattering intensity map (Fig.  4D ), but the scattering in the high intensity region in the map showed only a broad intensity peak in the region with a slightly larger spacing than that of typical amyloid peaks (Fig. 4 C and F) . Thus, although strong immunostaining indicates the presence of high density of α-syn, the protein may not be forming amyloid fibrils in these cases. These results suggest the diversity of α-syn aggregates in the brains of PD patients.
To summarize, 1 brain slice from each of the 3 neuropathologically confirmed PD patients was analyzed by microbeam XRD. In the slice from Pt. 1, 21 antibody-stained LBs were scanned, and 20 of them showed isolated intensity peaks in the 2D map, 20 showed a broad intensity with q = 5-15 nm
, and 3 showed a sharp peak at q = 13.5 nm
, originating from the regular stacking of β-sheets. In patient 2 (Pt. 2), these numbers were 3, 2, 2, and 0, respectively, and in patient 3 (Pt. 3), the values were 8, 5, 3, and 0, respectively.
Even when the 1.03-and 0.47-nm diffraction peaks were observed from LBs, they were generally weaker than those from SPs in mouse brains. Congo-Red dye is reported to enhance the 0.47-nm peak of β-sheets in SPs (30) , possibly by binding regularly to amyloid fibrils. The less marked 0.47-nm peak in LBs may partially result from the use of antibody staining. To eliminate the effects of the staining, we tried to measure the unstained samples. However, as we could not identify the aggregates in the unstained samples, we were unable to obtain data that could be analyzed.
Discussion
We first analyzed SPs in mouse brains by scanning with an X-ray microbeam and detected a peak characteristic for cross-β structures. Then, we tried to measure human SPs that were stained with an anti-Aβ antibody. However, we were unable to obtain data suitable for analysis because formic acid treatment was required for the immunostaining of human SPs with the anti-Aβ antibody. Such treatment was not required for the immunostaining of human LBs with an anti-α-syn antibody. Owing to the substantial changes caused by formic acid treatment, we were unable to simply compare aggregates stained by different methods.
The present study shows that some of the LBs in the brain of PD patients have a cross-β structure. The result supports the validity of propagation experiments using artificially formed amyloid fibrils of α-syn. However, typical amyloid peaks were not always observed in the X-ray scattering profile. It seems that LBs that are typically seen by immunostaining are not always rich in the cross-β structure. The results from the 3 patients show that many of the LBs identified by antibody staining are devoid of the ordered stacking of β-sheets. However, as shown in our previous synchrotron FTIR study (24) , it is likely that these LBs also contain a high concentration of β-sheets. These results suggest that there is a variety in the state of amyloid proteins in the brain. There are several reasons for this variety. First, it may be due to different maturity stages of LBs. LBs at various stages of aggregation are expected to coexist in a brain. Second, it may be due to the heterogeneity of the fibril structure. A sharp 0.47-nm diffraction peak requires a large number of regularly spaced β-sheets. The stacking of β-sheets may be variable among different aggregates and may, hence, give rise to variation in peaks. Because there are many impurities in the brain, it is natural to think that α-syn does not form a uniform fibril structure as in in vitro experiments. These structural differences may cause symptomatic differences. Finally, variations due to technical problems, such as unevenness in section thickness, cannot be ruled out completely.
Clarification of the structural differences between LBs and Lewy neurites would be very interesting. However, to conclude that a stained region is a Lewy neurite, it is necessary to make a section in a specific direction. We believe that the aggregate in SI Appendix, Fig. S4-4 is a Lewy neurite, but some of the other LBs analyzed in this study may also be neurites. At present, we do not have a reliable method to identify Lewy neurites in randomly cut sections. Therefore, in this study, we did not distinguish Lewy neurites and LBs but measured all aggregates stained with an anti-α-syn antibody.
Here, it should be noted that our similar measurements for GCIs have never shown sharp peaks (SI Appendix, Figs. S5-1-S5-3) . Thus, GCIs may not contain amyloid fibrils. GCIs are found in glial cells, whereas LBs are present in neurons. In addition, it has been reported that GCIs are easier to propagate than LBs (6). It will be interesting to clarify the association between the ease of propagation and the structure of the aggregates. However, in this study, because the brain samples containing the GCIs were unfixed frozen samples, their results cannot be directly compared with the results of the LBs. In general, formalin-fixed frozen brain samples are rarely stored routinely. Although it will be difficult to obtain a sufficient number of such samples to perform statistical analyses, we would like to measure LBs and GCIs that were processed in the same way and report the differences between their structures with reliable accuracy in the near future.
On the other hand, the present paper shows that antibody staining does not always indicate a region rich in β-sheets. Even though stained regions gave strong scattering, showing that there are protein aggregates, they did not always give strong reflections from β-sheets. Immunostaining can indicate the localization of a protein of interest, but it cannot determine the conformation of a protein.
By classical histopathological definition, amyloid is a CongoRed-stained extracellular proteinaceous deposit with a β-sheet structure (30) . However, this definition has come into question when some amyloid species have been observed intracellularly and some, although demonstrably cross-β sheet, do not show Congo-Red positivity. Over the past decade, a more explicit and uniform biophysical definition has been largely adopted in which amyloid fibrils are fibrillar polypeptide aggregates with cross-β conformations (17, 30) . In our previous study with synchrotron FTIR (24), we found an abundance of β-sheets in LBs in PD patient brains. Since the requirement for sample preparation is different for FTIR and XRD, the same sample was not measured with the 2 techniques. FTIR identifies β-sheet structures by vibrational modes of atomic bonds, while XRD detects repeated structures of the β-sheet. In the present study, XRD confirmed that α-syn forms β-fibrils in human LBs. LBs, an intracellular deposit primarily composed of α-syn that is generally not stained with Congo Red, does not meet the criteria of classical amyloid but fits the recent biophysical definition well with its typical cross-β structure. PD is presently described as a heterogeneous multisystem neurodegenerative disease as α-syn deposits are not restricted to the central nervous system but are also found in the peripheral nerves innervating visceral organs, such as the heart and the gut (31) . Supporting this concept, most PD patients experience a premotor period characterized by a variety of nonmotor symptoms that precede the onset of motor dysfunction. Given the multiple organ involvement of α-syn pathology, PD may be considered a systemic rather than a localized amyloidosis, featuring the accumulation of amyloid fibrils of α-syn.
Materials and Methods
All experimental protocols were approved by the Ethical Review Board at Osaka University Graduate School of Medicine and Toneyama National Hospital and were performed in accordance with the Ethical Guidelines for Clinical Research of the Ministry of Health, Labor and Welfare of Japan. Informed consent was previously obtained from all subjects.
Preparation of Mouse Brain Sections. Brain tissue samples from AD model mice APP/PS-1 knock-in mouse) (32, 33) were fixed in 4% buffered paraformaldehyde and frozen. Sections with 20-μm thickness were cut from the samples and deposited on Kapton polyimide films. Tissue sections were stained with Congo Red. Before measurements, these samples were dried at room temperature.
Preparation of Human Brain Sections. Brain tissue samples from 3 patients with neuropathologically confirmed PD were used for the measurements, i.e., a 75-y-old man (Pt. 1), a 76-y-old man (Pt. 2), and an 83-y-old woman (Pt. 3). All samples were of the midbrain. The brain samples were fixed in 4% buffered formaldehyde and frozen according to routine tissue processing for pathological examination. For each sample, 20-μm-thick sections were cut and deposited on Kapton polyimide films. Tissue sections from PD patient brains were incubated with the primary antibody, pSyn#64 (antihuman phosphorylated α-syn [Ser129] monoclonal antibody, Wako), followed by incubation with horseradish peroxidase-conjugated antimouse IgG (Dako EnVision+ System, Dako). Final staining was completed with incubation in 3,3′-diaminobenzidine + substrate chromogen for 5-10 min. Before measurements, these samples were dried at room temperature.
Microbeam XRD. Brain sections were scanned with a micro-X-ray beam at the BL40XU beamline in SPring-8 (Hyogo, Japan). An X-ray microbeam was obtained using a pinhole with a diameter of 5 μm (34). The sections were scanned in the X and Y directions with a step size of either 3 or 5 μm. Scans with 10, 20, or 40 steps in each direction were performed. At each point of the scan, a wide-angle X-ray scattering pattern was recorded. The X-ray wavelength was 0.083 nm with a bandwidth of about 2% (35) . The X-ray detector was an X-ray image intensifier (V7739P, Hamamatsu Photonics, Hamamatsu, Japan) coupled with either a CCD camera (C4742-98-24ER 1344 × 2018 pixels) or a scientific complementary metal-oxide semiconductor camera (C11440-22CU. 2048 × 2018 pixels), both from Hamamatsu Photonics. Exposure time was 0.3-0.5 s. Sample-to-detector distance was about 115 mm. A vacuum path was not used.
X-ray Data Analysis. The basic assumption in the data analysis is that SPs or LBs, which comprise aggregated amyloid fibrils with high density, should produce stronger X-ray scatter than other regions of the brain. Thus, a map of total wide-angle scattering intensity was compared with a microscope image of the stained sections. For each scan, 100, 400, or 1,600 XRD patterns were obtained. Total scattering intensity in a diffraction pattern at each point was calculated, and a 2D intensity map was made. If the SPs or LBs identified by chemical staining contain a high density of amyloid fibrils, a high intensity region is expected to show up in the same area of the 2D intensity map.
Then, 5 points where the highest intensity was observed in the 2D map were searched. These are usually in the central part of the identified peak region. An averaged diffraction pattern of images obtained at these 5 points was treated as the top image (Fig. 1A) . Similarly, diffraction patterns at half of the points that had lower intensity than the other half were averaged as the bottom image (Fig. 1B) . The top image was considered to be recorded from the region with aggregates of amyloid fibrils, while the bottom image was considered to represent the background without protein accumulation. A difference image obtained by subtracting the bottom image from the top image (Fig. 1C ) was regarded to represent diffraction from amyloid fibrils only. The strong rings seen in the top and bottom images are due to a Kapton sheet that was used to mount the brain section. These were completely removed by the subtraction.
